We used a set of approximately 200 Arabidopsis thaliana (L.) Heynh. genes that are involved in the control of flowering time as a reference to identify orthologous (or homologous) counterparts of these genes in three legume species, that is, Lotus corniculatus L. var. (FPIs), and floral meristem identity. Many key genes, including the FPI genes FT, SOC1, and LFY, are conserved in the legumes while CO, FRI, FLC, and FD were not. Eighteen genes were conserved as single copy genes in all three legume species, including GI, VRN2, COP1, and TSF. The chromosomal distribution of paralog-rich genes revealed differences in the major evolutionary processes affecting flowering genes in legumes, including whole genome duplication in soybean, tandem duplication in M. truncatula, and ectopic duplication in L. corniculatus var. japonicus. High divergence was observed among the members of large gene families, most containing transcription factors, indicating the accumulation of gene copies and gene divergence during evolutionary adaptations to environmental changes.
F
lowering is the developmental switch from vegetative to reproductive growth (Simpson and Dean, 2002) . For plants, flowering induction is the most important part of the life cycle, as the flowering process is seldom reversible, and the optimal timing of flowering is highly associated with the proper production of seeds and fruits to maximize successful sexual reproduction (Jarillo and Piñeiro, 2011) . Flowering time is a topic of great interest to agriculture, as the regulation of flowering time is crucial for enabling crops to adapt to a particular growing region. Understanding the structure and function of flowering genes would allow breeders to develop novel crop varieties with altered flowering times. The introduction of genes involved in early flowering may facilitate cultivation during short growing seasons or allow multiple rounds of cropping in a single season. In addition, the introduction of late flowering genes may lead to increased yields of vegetative crop by prolonging the period of vegetative growth (Putterill et al., 2004; Roux et al., 2006) .
The isolation of numerous loss-of-function mutants in Arabidopsis thaliana and the completion of the sequencing of the A. thaliana genome have led to the identification of more than 180 genes implicated in flowering time control (Fornara et al., 2010) . Decades of genetic analyses of flowering time in A. thaliana revealed that the flowering process involves elaborate crosstalk between distinct, multiple pathways that respond to both environmental cues and endogenous factors (Simpson and Dean, 2002; Putterill et al., 2004; Jung and Müller, 2009; Jarillo and Piñeiro, 2011; Andrés and Coupland, 2012) . The major external factors that control the flowering process are daylength (photoperiod) and winter temperature (vernalization) . Ambient temperature is also likely to influence flowering time; the molecular dissection of this pathway is at an early stage of research (Boss et al., 2004; Amasino and Michaels, 2010) . Apart from external factors, internal signals such as developmental stages (autonomous pathway) and plant hormones are also required to promote flowering induction. The orchestration of signals from these pathways is conducted by a common set of genes that trigger the induction of the floral meristem. The genes at which the different regulatory pathways converge, defined as floral pathway integrators (FPIs), include FLOWERING LOCUS T (FT), SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1), and LEAFY (LFY) (Simpson and Dean, 2002) . It is likely that a considerable number of genes composing regulatory circuits that control flowering time are widely conserved among plant species (Jarillo and Piñeiro, 2011) ; approximately 85% of A. thaliana genes are thought to be present in other plant species (Putterill et al., 2004) . Performing a survey of homologs of A. thaliana flowering time-related genes is an effective way to identify flowering time genes in other plants and to broaden our understanding of flowering time control beyond A. thaliana.
Plants exhibit great diversity in flowering strategies and growth habits, depending on environmental conditions and habitats. Plants can systemically adjust their life cycles to adapt to different latitudes and climates. Arabidopsis thaliana is an annual plant that can respond to long daylength (LD) and vernalization. The model legume species Lotus corniculatus var. japonicus and Medicago truncatula flower in response to vernalization and LD (Clarkson and Russell, 1975) . Soybean (Glycine max) is vernalization nonresponsive and short daylength sensitive. Both soybean and M. truncatula are annuals while L. corniculatus var. japonicus is a perennial (Hecht et al., 2005; Ono et al., 2010) . A limited number of studies have been undertaken to elucidate the molecular basis of flowering time in legumes, compared with the many studies performed with A. thaliana. In soybean, classical genetic analysis and quantitative trait loci mapping have been performed to identify genes controlling flowering time (Liu et al., , 2010 Watanabe et al., 2009 Watanabe et al., , 2011 . The entire genome sequences of these three legumes have recently been released (Sato, 2008; Schmutz et al., 2010; Young et al., 2011) . This genomic information should enable a genomewide comparison of flowering time-related genes between A. thaliana and these legume species. Several studies have attempted to identify the homologs of corresponding A. thaliana genes in some legumes, including G. max, L. corniculatus var. japonicus, and Pisum sativum L. (pea) (Hecht et al., 2005; Ono et al., 2010; Kim et al., 2012; Jung et al., 2012) . These studies have revealed that a set of key genes involved in the primary pathways that regulate flowering time are relatively well conserved between A. thaliana and certain legume species.
In the present study, we identified homologs of A. thaliana flowering time-related genes by surveying the whole genome sequences of three legume species. The legume species L. corniculatus var. japonicus, M. truncatula, and G. max have different genome sizes and complexity due to differences in genome duplication. In this perspective, we highlight the distribution of the homologs and the divergence among homologs within the genomes of each of these species.
Conservation of Arabidopsis thaliana Flowering Time-related Genes in Legume Genomes
In an attempt to identify gene homologs associated with flowering in the three legume species, 207 genes involved in flowering pathways in A. thaliana were used in this study as references (Table 1; Supplemental Table S1 ). Among these, 183 genes play a role in flowering regulatory pathways (Fornara et al., 2010) . An additional 24 genes that had been identified by ortholog-based methods in a previous study (Jung et al., 2012) were also included in this study. As reviewed by Fornara et al. (2010) , most of these genes are classified into seven distinct major pathways: photoperiod, vernalization, ambient temperature, gibberellins (GAs), autonomous pathways, FPIs, and floral meristem identity. Although one gene can involved in multiple pathways, we assigned each gene into a single pathway on the basis of its major function. We identified the A. thaliana flowering gene homologs in three legume genomes using Blast, with an e-value cutoff of 1 × 10 -50 (Fornara et al., 2010; Jung et al., 2012) . Among the 207 A. thaliana genes, 99, 110, and 142 genes were matched to L. corniculatus var. japonicus, M. truncatula, and soybean genes, respectively, and the number of homologs of flowering genes in each legume genome was 96, 98, and 304, respectively (Table 1; Supplemental Table S1 ).
Photoperiod Pathway
To sense and respond to changes in photoperiod, plants detect the duration of light and match daylength to an internal oscillator (circadian clock) (Boss et al., 2004) . A total of 65 genes are involved in the circadian clock-based photoperiod pathway in A. thaliana (Table 1) . Among these, 43 genes have orthologs in the legume species that were examined. Lotus corniculatus var. japonicus and M. truncatula have 50 and 56 genes, respectively, that are part of this pathway. In soybean, 187 genes were found to be orthologs of these A. thaliana genes. Since soybean has experienced two rounds of whole genome duplication episodes, the genome of soybean contains duplicated copies of most genes. Twenty-two of 65 photoperiod pathway genes in A. thaliana did not have homologs in any of the three legume species that we examined.
Among the light signals that influence photoperiodic flowering time, red and far-red light are perceived by the phytochrome proteins, which are encoded by the PHYTOCHROME A through E (PHYA through E) genes in A. thaliana (Chen et al., 2004 by CRYPTOCHROME 1 (CRY1) and CRYPTOCHROME 2 (CRY2) (Chen et al., 2004) . Three and two homologs of the A. thaliana CRY1 or CRY2 genes were detected in L. corniculatus var. japonicus and M. truncatula, respectively, while soybean contains seven CRY1 or CRY2 genes. The light perceived by these photoreceptors is a crucial signal that synchronizes the circadian clock to seasonal changes in daylength. Clock resetting (entrainment) is achieved by the multiple signaling events that occur downstream of PHYA and PHYB, one of which is interacted with PHYTOCHROME-INTERACTING FACTOR 3 (PIF3), a basic helix-loop-helix transcription factor (Martínez-García et al., 2000) . The internal components of the central circadian oscillator in A. thaliana, circadian clock associated 1 (CCA1) and late elongated hypocotyl (LHY) proteins, are the targets of the complex of PHYB-PIF3 (Imaizumi, 2010) . One PIF3 ortholog was observed in both L. corniculatus var. japonicus and M. truncatula, and three PIF3 genes are present in soybean. Both CCA1 and LHY and another myeloblastosis (MYB) family transcription factor are absent in the two model legumes. A previous study identified a single locus encoding a homolog of AtLHY or AtCCA1 in L. corniculatus var. japonicus, but this putative locus consists of two incomplete coding sequences from the current genome database (Ono et al., 2010) . Indeed, a more detailed characterization of CCA1 and LHY in the model legumes is required. Four putative orthologs of AtLHY or AtCCA1 were identified in soybean.
Along with CCA1 and LHY, TIMING OF CAB EXPRESSION 1 (TOC1) is proposed to produce a circadian central feedback loop (Alabadí et al., 2001) . TOC1 (also known as PSEUDO-RESPONSE REGULATOR 1 [PRR1]) encodes a pseudo-response regulator with the CONSTANS, CO-like, and TOC1 (CCT) domain, whose expression is regulated by the antagonism of LHY or CCA1 proteins. Lotus corniculatus var. japonicus and soybean contain one and four orthologs of TOC1, respectively. Four genes in L. corniculatus var. japonicus, two in M. truncatula, and 10 in soybean are orthologous to the other members of the PRR family. Three putative blue light photoreceptors, ZEITLUPE (ZTL), LOV kelch protein 2 (LKP2), and flavin binding kelch repeat F-box 1 (FKF1), function to recruit and degrade components of the circadian clock oscillator in a light-dependent manner (Baudry et al., 2010) . The protein encoded by these genes contains a PAS (Per-Arnt-Sim) domain, an F-box (involved in protein degradation), repeated kelch motifs (involved in protein-protein interactions), and a LOV (light-oxygenvoltage-sensing) domain (a blue light-sensing domain) (Boss et al., 2004) . GIGANTEA (GI) encodes a nuclearlocalized membrane protein that binds to F-box protein FKF1, which is a part of the evening loop in A. thaliana. CYCLING DOF FACTOR 1 (CDF1), which functions in the transcriptional repression of CONSTANS (CO), is degraded by the FKF1-GI complex to induce CO expression. In the LD plant A. thaliana, the occurrence of high CO transcript accumulation in conjunction with the light phase in spring induces FT expression to promote flowering. This GI-CO-FT module in the regulatory circuit of the photoperiod pathway is highly conserved in other plants, including rice (Oryza sativa L.) (Hayama et al., 2003) . The ZTL, FKF1, or LKP2 genes have 10 orthologs across the three legume species, including six genes in soybean. The Gl gene was conserved as a single copy gene in L. corniculatus var. japonicus and M. truncatula while this gene has three homologs in soybean.
Vernalization Pathway
The vernalization pathway is a signal perception and transduction process that responds to prolonged periods of cold temperatures during the winter and transfers this environmental cue to the internal regulatory circuit to induce flowering (Jung and Müller, 2009) . In this study, we examined a total of 32 genes involved in the vernalization pathway in A. thaliana (Table 1) . Among these genes, however, 13 did not have orthologs in any of the three legume species. The number of genes likely associated with the vernalization pathway in two model legumes, L. corniculatus var. japonicus and M. truncatula, was approximately half that of A. thaliana although both legumes also require the vernalization process for flowering. Soybean, a vernalization-independent legume crop, contains 44 orthologs related to 18 genes in A. thaliana. (Putterill et al., 2004) . VRN1 encodes a protein with B3 DNA-binding domains (Levy et al., 2002) , and VRN2 encodes a nuclear-localized zinc finger protein with homology to Drosophila Polycomb group (PcG) protein suppressor of zeste 12 [SU(Z)12] (Gendall et al., 2001) . These genes take part in the epigenetic modification of chromatin structure at the FLC locus, which is part of the molecular machinery for the cellular memory of vernalization (Putterill et al., 2004; Kim et al., 2009) . Medicago truncatula has a single copy of an A. thaliana VRN1 ortholog, and three and four orthologs were identified in L. corniculatus var. japonicus and soybean, respectively. VRN2 was conserved as a single copy gene in both L. corniculatus var. japonicus and M. truncatula while soybean contains two orthologs. Given that vernalization induces the transcriptional inactivation of FLC chromatin by VRN1 and VRN2, there are several genes that maintain FLC chromatin in an active state before vernalization, including
PHOTOPERIOD-INDEPENDENT EARLY FLOWERING 1 (PIE1), EARLY IN SHORT DAYS 4 (ESD4), PHOTOPERIOD-EARLY FLOWERING IN SHORT DAYS (EFS), VERNALIZATION INDEPENDENCE 3 and VERNALIZATION INDEPENDENCE 4 (VIP3 and VIP4), and ribonucleic acid (RNA) polymerase II-associated factor 1 and 2 (PAF1 and PAF2).
Photoperiod-independent early flowering 1 protein is similar to the adenosine triphosphate (ATP)-dependent chromatin remodeling proteins of the imitation switch (ISWI) family, and ESD4 encodes a small ubiquitinrelated modifier (SUMO)-directed protease. EFS encodes a protein with histone lysine N-methyltransferase activity, which is required for FLC chromatin structure. VIP3 encodes a protein with multiple WD (tryptophanaspartic acid) repeats, and VIP4 encodes a protein that functions in a PAF1 transcriptional complex. These VIP proteins function with PIE1 in a trithorax-group (trxG)-like chromatin-modifying complex. PIE1 has two orthologs in L. corniculatus var. japonicus and soybean. One M. truncatula gene and four soybean genes are orthologous to ESD4. EFS has two soybean orthologous candidates. Lotus corniculatus var. japonicus and soybean possess orthologous genes of VIP3 and VIP4. One gene in L. corniculatus var. japonicus, three in M. truncatula, and four in soybean are orthologous to PAF1 or PAF2. FLC may not be the only target of vernalization because an flc null mutant still responds to vernalization (Michaels and Amasino, 2001 ). An additional target appears to be AGAMOUS-LIKE 24 (AGL24), a MADS (MCM1-AGAMOUS-DEFICIENS-SRF) transcription factor gene (Alexandre and Hennig, 2008) . The upregulation of AGL24 by vernalization provides an FLC-independent route to regulate flowering time. Two soybean genes were found to be orthologous to AGL24.
Autonomous Pathways
Plants require the autonomous pathway that is activated by internal (developmental) factors and independent of environmental cues to promote flowering. Arabidopsis thaliana has 19 genes involved in the autonomous pathway (Table 1) . A total of 10 genes were found to likely be responsible for the autonomous pathway in L. corniculatus var. japonicus, and these genes are orthologous to only seven genes of A. thaliana (Table 1) . Medicago truncatula contains 25 genes that are orthologous to 16 genes of A. thaliana. In soybean, 47 orthologous genes may be associated with the autonomous pathway (Table 1) . A group of genes known as the autonomous floral promotion pathway negatively regulates FLC expression by coupling RNA binding and processing and chromatin remodeling events (Kim et al., 2009; Michaels, 2009; Amasino and Michaels, 2010) . FCA encodes an RNA-binding protein with a WW (tryptophan-tryptophan) protein-interaction domain to interact with the polyadenylation factor FY (Macknight et al., 1997) . The FCA-FY complex functions in the alternative transcript processing of FLC pre-messenger RNA (mRNA), resulting in truncated nonfunctional FLC protein (Quesada et al., 2003) . FCA has one or two orthologs in the three legumes, and FY has two orthologs in each of the three legumes. FPA and FLOWER-ING LATE KH MOTIF (FLK) also encode RNA-binding proteins (Schomburg et al., 2001) (Lee et al., 1994) . Another autonomous gene, FLOW-ERING LOCUS D (FLD), encodes a protein with homology to human histone deacetylase, which acts to deacetylate FLC chromatin (He et al., 2003) . Medicago truncatula and soybean contain one and two orthologous counterparts of LD and two and four homologs of FLD, respectively.
Floral Pathway Integrator
While hundreds of genes may function in multiple pathways involved in the floral transition, the decision of when to flower largely depends on the final level of FT expression. FT, along with two other key genes, LFY and SOC1, assesses conflicting signals from multiple pathways and integrates these signals to make a single developmental decision (Wigge, 2011) . In this study, we examined 29 A. thaliana genes classified as FPIs (Table  1) . Lotus corniculatus var. japonicus contains 21 genes putatively associated with FPIs while six A. thaliana genes, including SOC1 and LFY, were not matched to any L. corniculatus var. japonicus gene at the e-value cutoff of 1 × 10 -50 . In M. truncatula, 26 genes were predicted to be putative FPI genes. A total of 58 soybean genes are homologous to the A. thaliana FPI genes. A recent study in A. thaliana found that FT encodes a phosphatidyl ethanolamine-binding protein that functions as a mobile flowering signal, or florigen, from the phloem to the shoot apical meristem (SAM) (Corbesier et al., 2007) . FT binds to the basic leucine zipper transcription factor FD in the SAM, and the FT-FD complex is involved in the activation of other FPI genes, including SOC1 and LFY (Jarillo and Piñeiro, 2011; Wigge, 2011) . For FT and its homolog TWIN SISTER OF FT (TSF), two, one, and four orthologous genes were identified in L. corniculatus var. japonicus, M. truncatula, and soybean, respectively. The floral repressor terminal flower 1 (TFL1) is part of the same family of Raf (rapidly accelerated fibrosarcoma) kinase inhibitor proteins as FT but acts antagonistically to FT. In L. corniculatus var. japonicus and M. truncatula, two genes are homologous to TFL1. Soybean possesses five orthologs of TFL1. SOC1 encodes a MADS-box transcription factor, and LFY encodes a novel type of transcription factor, with homologs found throughout the plant kingdom. Medicago truncatula has one SOC1 ortholog while soybean has five SOC1 orthologs, and these two legume species contain one and two homologs of LFY, respectively. NUCLEAR FACTOR Y (NF-Y) and GENERAL REGULATORY FACTOR (GRF), which encode transcription factors and were examined in a previous comparative study of flowering genes, were included in this analysis. Eleven members of the NF-Y family have 4, 9, and 19 homologs in L. corniculatus var. japonicus, M. truncatula, and soybean, respectively. For 11 GRF genes encoding the 14-3-3 protein family, L. corniculatus var. japonicus, M. truncatula, and soybean have 11, 10, and 18 orthologs, respectively.
Ambient Temperature Pathway
The flowering of A. thaliana is delayed in cooler temperatures (16 vs. 23°C), and the molecular circuits underlying this response are beginning to be revealed (Samach and Wigge, 2005; Jarillo and Piñeiro, 2011) . The ambient temperature pathway appears to be partially mediated by the floral integrator FT, which is activated at high temperatures independent of CO expression. The MADS-box gene SHORT VEGETATIVE PHASE (SVP) mediates the inhibition of FT expression in plants grown at 16°C (Lee et al., 2007) . SVP also interacts with FLC to repress both FT and SOC1 expression in the vernalization pathway. Genes homologous to SVP were identified in all three legume species. The autonomous pathway genes FCA and FVE also influence flowering time in response to temperature (Blázquez et al., 2003) . Different photoreceptors are activated depending on the ambient temperature. For example, PHYE is a predominant phytochrome at 16°C (Blázquez et al., 2003) . PSEUDO-RESPONSE REGULA-TOR 7 (PRR7) and PSEUDO-RESPONSE REGULATOR 9 (PRR9), which are necessary to entrain the circadian clock, are likely to affect the regulation of flowering time depending on both daylength and temperature (Salome and McClung, 2005) . Another MADS-box gene,
FLOWERING LOCUS M (FLM) (also known as MADS AFFECTING FLOWERING 1 [MAF1])
, is also involved in the regulation of flowering in response to temperature (Samach and Wigge, 2005) . EARLY FLOWERING 3 (ELF3) and TFL1 play complementary roles in controlling flowering time in response to ambient temperature (Strasser et al., 2009 ). Indeed, a number of genes involved in different pathways controlling FT expression are likely to be simultaneously required for thermosensitive flowering in A. thaliana.
Gibberellin Pathway
Gibberellin promotes flowering in A. thaliana (Fornara et al., 2010) . The GA pathway is involved in the regulation of FT and SOC1 expression. The spindly (spy) mutant is impaired in the production of O-linked N acetyglucosamine transferase, a negative regulator of GA signaling, and exhibits an early flowering phenotype (Jacobsen and Olszewski, 1993) . This gene has one ortholog in L. corniculatus var. japonicus and four orthologs in soybean.
Floral Meristem Identity
Once the FPI genes FT and SOC1 are turned on, a set of floral meristem identity genes are required to develop floral primordia (Fornara et al., 2010) . Flower meristem identity genes can be divided into two classes (Pidkowich et al., 1999) . The first class promotes flower meristem identity and includes LFY, APETALA 1 (AP1), FRUITFUL (FUL), and CAULIFLOWER (CAL), which function along with UNUSUAL FLORAL ORGANS (UFO). LFY is a key player during flower development and is both a flowering time gene and a meristem identity gene (Parch, 2005) . The second class of FPI genes has the opposite effect, that is, to maintain the identity of inflorescence shoot meristems. This class of genes includes TFL1, WUSCHEL (WUS), and SHOOTMERISTEMLESS (STM). In this study, we also examined floral organ identity genes such as APETALA 2 (AP2), APETALA 3 (AP3), AGAMOUS (AG), and PIS-TILLATA (PI) since a considerable number of the genes that function in the processes mediating floral meristem function and organ identity are likely to be overlapping (Irish, 2010 (Table 1) . APETALA 1 (AP1) encodes a MADS-box transcription factor, and CAL and FUL are AP1 paralogs. AP3, PI, AG, and four SEPALLATA (SEP) genes encode MADS domain transcription factors while AP2 encodes a member of the AP2 or ethylene-responsive element binding protein (EREBP) family of transcription factors. This suggests that a transcriptional regulatory network is essential for the specification of floral meristems and organs (Irish, 2010) . UFO encodes an F-box protein, and its role in protein degradation by the ubiquitin pathway is required to promote AP3 expression. Lotus corniculatus var. japonicus has three orthologs each of AP1 and AP2 and a single ortholog of AP3. Two orthologous counterparts of AP1 and one of AP3 were identified in M. truncatula while AP2 has six paralogs in M. truncatula. In soybean, 8 and 12 orthologs were identified for AP1 and AP2, respectively, and AP3 has two homologs. There are two orthologs of CAL in both L. corniculatus var. japonicus and M. truncatula, and soybean contains four CAL homologs. FUL is conserved as a single copy gene in M. truncatula while there are multiple copies of FUL in L. corniculatus var. japonicus and soybean. Lotus corniculatus var. japonicus and M. truncatula lack PI orthologs, but soybean contains two orthologs of the PI gene. There are two to seven homologs of AG in the three legume species. There are only four members of the SEP family in A. thaliana while the size of the SEP family in the three legume species ranges from 3 to 12. The UFO gene has one ortholog in L. corniculatus var. japonicus and two in soybean.
Distribution of Flowering-related Genes in the Legume Genomes
All homologs of A. thaliana flowering genes are distributed throughout the genomes of L. corniculatus var. japonicus, M. truncatula, and soybean (Fig. 1) . Lotus corniculatus var. japonicus and M. truncatula possess similar numbers of genes that are orthologs to flowering time-related genes in A. thaliana (Table 1) . This result may reflect a single ancient duplication event without recent duplication as well as the similar genome sizes of these legumes (Ono et al., 2010; Young et al., 2011) . In soybean, a recent duplication event (approximately 13 million years ago [MYA] ) and subsequent small-scale duplication appear to have generated three times more homologs of A. thaliana genes than are found in L. corniculatus var. japonicus and M. truncatula (Schmutz et al., 2010) . Diploidization (returning to diploid status after whole genome duplication) is usually accompanied by gene fractionation, which probably occurs to maintain the balance of gene components in a genome (Freeling, 2009) . Even though a considerable number of flowering genes are present in multiple copies in soybean, several flowering time genes are conserved as single copy genes. In L. corniculatus var. japonicus and M. truncatula, 40 and 58 genes of A. thaliana are conserved as single copy genes, respectively, while soybean has 15 single copy genes. We identified 20 common genes that have been conserved as single copy genes among the three legume genomes ( Table 2) . Fourteen of these single copy genes are common between L. corniculatus var. japonicus and M. truncatula, including crucial regulators such as GI, VRN2, CONSTITUTIVE PHOTO-MORPHOGENIC 1 (COP1), TSF, and others. In particular,
E12A11 (also named MOTHER OF FT AND TFL1 [MFT])
is present in a single copy in the three legume species. E12A11, along with FT, TSF, and TFL1, belong to the gene family encoding phosphatidyl ethanolamine-binding protein (PEBP). These results suggest that homologs of FT were rapidly fractionated after duplication events, as these genes are dosage sensitive, which affects their roles in the regulation of flowering time in legumes. The close homologues of FT may play their own role in flowering time pathway rather than functioning as backup genes for FT (Yamaguchi et al., 2005; Pin et al., 2010) . The FT signaling system may be a flexible system that modulates the timing of flowering via different FT regulation pathways and diverse FT paralogs (Wigge, 2011) .
We also examined flowering time-related genes that have high copy numbers in the three legumes. In this study, genes were classified as high copy number genes when more than seven copies were present in soybean or over three copies were present in L. corniculatus var. japonicus and M. truncatula, considering the recent duplication event that occurred in G. max. The common flowering genes that are present in high copy numbers in the three legume genomes are listed in Table 3 . These genes include AP2, GRF, NF-Y, SEP, and AGAMOUS-LIKE 8 (AGL8). In soybean, these genes were copied mainly by whole genome duplication (WGD), which indicates that these genes may have been multicopy genes before the recent whole genome duplication. In the case of M. truncatula, tandem duplication has also contributed to generation of high copy number genes. On the other hand, ectopic duplication may have increased the copy number in the L. corniculatus var. japonicus genome. Therefore, different duplication modes appear to have led to the evolution of flowering genes within legume species.
Estimating the fraction of the number of synonymous substitutions per synonymous sites (Ks) for each pair of duplicated genes implies evolutionary divergence of paralogous sequences in the corresponding genome (Li et al., 1985; Blanc and Wolfe, 2004b) . Synonymous (silent) substitutions in coding sequences do not lead to amino acid replacements. These changes are considered to be free from selection and be neutral. So they may occur at a rate similar to the mutation rate, in a clocklike manner (Blanc and Wolf, 2004b; Van de Peer, 2004) . The coding sequences of the flowering-related genes with more than one copy in the three legume genomes were pairwise aligned using Prank program with-translate option (Loytynoja and Goldman, 2005) and Ks values were obtained using a KaKs_Calculator software (version 1.2) (Zhang et al., 2006) with LWL (Li-Wu-Luo) model proposed by Li et al. (1985) . The range of Ks values for each pair of the paralogous flowering-related genes were 0.51 to 2.10 in L. corniculatus var. japonicus, 0.33 to 2.34 in M. truncatula, and 0.05 to 2.16 in soybean (Supplemental Table S2 ). The soybean genome research inferred the expected ranges of Ks values for three rounds of duplication events in evolutionary history of soybean: Ks of approximately 0 to 0.3 for the Glycine WGD (13 MYA),
Ks of approximately 0.3 to 1.5 for the legume WGD (58 MYA), and Ks of >1.5 for the gamma hexaploidy event (130 to 240 MYA) (Schlueter et al., 2007; Schmutz et al., 2010) . The gamma hexaploidy event or whole genome triplication (WGT) occurred in the common ancestor of angiosperm, predating the asteroid-rosid split in eudicots (Abrouk et al., 2010; Jaillon et al., 2007; Tang et al., 2008) .
The distribution of pairwise Ks values of most of high copy number genes in the three legume species showed the medians of pairwise Ks values were greater than 1.0 (Supplemental Table S2 ), indicating the high diversification of the paralogous genes that has been retained after multiple duplication events (including WGD and small-scale duplication) during evolutionary process of the three legume species. Lotus corniculatus var. japonicus has three homologs of AP2 while M. truncatula and soybean have 6 and 12 copies, respectively (Table 3) .
Considering soybean and legume WGD events subsequent to gamma WGT, the entire set of AP2 duplicates in M. truncatula and soybean has been likely retained and survived approximately 130 to 240 million years of evolutionary time . The phylogenic trees were produced using complementary DNA (cDNA) sequences of the members of the AP2 family and SVP genes in the legume species (Fig. 2) . The AP2 gene family in M. truncatula and soybean exhibited the high nucleotide divergence among the members, compared with the low copy number gene SVP. Perhaps this reflects plant adaptations to changing environments. Plants may increase the copy number of a gene by duplication events to diversify their functions (Blanc and Wolfe, 2004a) . Supporting this assumption, the AP2 and NF-Y gene families have additional signaling functions to help plants react to environmental stresses, in addition to the control of flowering time (Hackenberg et al., 2012; Mizoi et al., 2012) . Two copies of SVP are present in M. truncatula and soybean, and the medians of pairwise Ks values were 0.33 in M. truncatula and 0.14 in soybean. In contrast of the AP gene family, paralogous sequences of SVP in M. truncatula and soybean have been likely lost subsequent to the ancient legume WGD and gamma WGT. SVP interacts with FLC to form the FLC-SVP complex, which represses FT expression (Lee et al., 2007; Li et al., 2008) . SVP may not require diversified high copy number genes for its specific binding and dosage sensitivity to mediate the regulatory signaling of the flowering pathway.
Flowering-related Genes Lacking Homology between Arabidopsis thaliana and Legumes
Among the 207 genes involved in the control of flowering time in A. thaliana, 56 genes do not have orthologous counterparts in the three legume species examined at the e-value cutoff of 1 × 10 -50 . These genes include CO, ELF3 and EARLY FLOWERING 4 (ELF4), FLC and MAF, FRIGIDA (FRI) , and FD (Table 4 ; Supplemental Table  S2 ). The lack of CO orthologs in leguminous plants has also been reported in previous studies (Hecht et al., 2005; Jung et al., 2012; Ono et al., 2010; Weller et al., 2009) . Although orthologs of CO-LIKE (COL) genes were identified in L. corniculatus var. japonicus and soybean, little is known about the function of COL in flowering induction. Furthermore, homologs of ELF3 and ELF4, which are components of the signal transduction pathway between the photoreceptors and the oscillator, were not detected in legumes. Therefore, it is likely that the photoperiodic flowering pathway in legume species is regulated in a COindependent manner (Ono et al., 2010) . Since CO is a zinc finger protein that binds directly to the FT promoter for its transcriptional activation, it may be possible to recruit a different DNA-binding protein or microRNAs to medicate FT expression, which has been suggested for the photoperiodic but CO-independent pathway to regulate FT expression in A. thaliana (Fujiwara et al., 2008; Mizoguchi et al., 2005; Jung et al., 2007) . In addition, the omission of FLC and FRI, central players of the vernalization and autonomous pathways, was observed in the genome sequences of legume species, along with the absence of FLC's homologs, the MAFs. Similar results were obtained in a previous study (Hecht et al., 2005; Ono et al., 2010) . The synergic action of the FRI-FLC module blocks flowering before vernalization in A. thaliana. The regulation of FLC silencing in the control of flowering time is the most well-characterized example of the role of noncoding RNAs and chromatin remodeling in epigenetic control (Wigge, 2011) . Nevertheless, the lack of the FLC locus in vernalization-responsive L. corniculatus var. japonicus and M. truncatula as well as vernalization-nonresponsive soybean suggests that legumes have evolved a different regulatory network for vernalization from that of A. thaliana. The lack of both essential players (CO and FLC) of flowering signaling in the legume species may provide an opportunity to solve other puzzles involving the role of molecular circuits in the flowering pathway.
Conclusions
In the present study, we attempted to identify the orthologous counterparts of A. thaliana genes involved in the control of flowering time in three legume species, L. corniculatus var. japonicus, M. truncatula, and G. max, which have completely sequenced genomes. As expected, a large portion of the A. thaliana flowering genes are represented in these legumes. These results suggest that basic flowering pathways are likely to be relatively well conserved between A. thaliana and legumes. This study supports the use of a candidate gene approach as the initial step to verifying the molecular nature of the genes that regulate the timing of flowering in legumes. Although key players that participate in the regulatory network to modulate flowering time are common, little is known about how these molecules generate opposite flowering responses to daylength and vernalization. A wide range of allelic variation exists in flowering time genes in natural populations because flowering time is a trait that adapts to different environmental conditions. Mining a wide range of functional alleles contributing to varied phenotypes in flowering time is an effective way to identify the molecular functions of the homologs of A. thaliana flowering genes. Functional analysis of the orthologs of the A. thaliana flowering genes identified in this study can be performed using a reverse genetics approach. In addition, the distribution of the homologous genes and pairwise Ks values provide new insights into the evolution of flowering genes within the legume genomes. GO, FLC, and FD, essential components of the GI-GO-FT-mediated photoperiod pathway, the FRI-FLC-based epigenetic vernalization pathway, and the FT-FD-SOC1-mediated floral meristem induction pathway, are missing in the legume species. The identification of missing elements in the molecular circuits of flowering regulatory networks that modulate flowering time and the links of these missing elements to conserved genes is an important aspect of recent studies of legumes. Clarification of these fundamental puzzles should provide a new perspective on the dynamics and flexibility of gene networking to mediate the decision of when to flower. A deeper understanding of the molecular basis of flowering networks may facilitate the development of improved crop varieties with better performance in response to environmental changes.
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